Since infection of a leaf with tobacco mosaic virus (TMV) results in the synthesis of at least one specific new protein, the virus itself, it is of interest to know what changes in free amino acid content occur in the leaf during this process. Such information is essential to an understanding of the path of virus synthesis and of the effects of infection on the metabolism of the host.
were stacked and a 40 mg. sector cut out for virus analysis according to the method previously described (3) . The remainder of the sample was homogenized in ice cold 70 per cent ethanol and stored overnight in the cold. The supernatant was then removed by centrifugation with washing and evaporated to dryness at room temperature. The residue was taken up in 1 ml. of distilled water and spotted onto large sheets of Whatman No. 1 filter paper.
Amino acid separation was obtained by two dimensional partition chromotography with phenol and collidine-lutidine. The sheets were dried at room temperature between solvents. The sheets were finally dried at room temperature and sprayed with a 0.1 per cent solution of ninhydrin in butanol. They were kept in the dark at room temperature for 24 hours during which time most of the ninhydrin color developed. The sheet was then sprayed a second time with ninhydrin solution and again allowed to dry in the dark at room temperature for 24 hours. The colored spots were then identified by comparison with standard chromatograms. Each spot was cut out and the ninhydrin color eluted in 2.5, 5, or 10 ml. of distilled water. The optical density of the solution was measured at 570 m# and in the case of proline and arginine also at 450 m#.
In order to estimate the amounts of the amino acids present in the chromatograms, calibration series for mixtures of known amounts of the amino acids occurring in the leaf extract were carried out. Mixtures containing 0.05 to 0.5 micromole of the amino acids detected in the leaf were spotted on sheets and chromatogramed in a manner identical with that used in the experimental analysis. Spots were eluted as described above and the optical density of the solutions determined. When these values were plotted against the amount of amino acid present in the original solution, approximately linear relationships were obtained. Two separate calibration curves gave essentially similar results. These data were used to evaluate the optical densities of the amino acid spots obtained from the experimental runs. Table I shows the accuracy of the method in terms of the average deviation of the values obtained in the calibration curves from the mean extinction per micromole of each amino acid. Except for leucine and proline the analyses were accurate to 4-13 per cent.
EXPERIMENTAL
As a preliminary step, the free amino acid content of single leaves from six normal plants of the same age was analyzed. The results, summarized in Table   II , showed that significant concentrations of two amides (glutamine and asparagine) and eight amino acids (aspartic and glutamic acids, alanine, serine, threonine, ~/-aminobutyric acid, valine, and proline) occurred uniformly in these leaves. Traces of leucine, lysine, and arginine occurred less regularly. These results are consistent with the qualitative analyses reported by Roberts and Wood (4) .
The variations from plant to plant shown in Table II indicate the difficulties expected in attempting to compare the free amino acids of whole healthy 
A. Leaf Disc Cultured in Distilled Water
1. General Trends.--In general, amino acid concentrations increased during the culture period. All but two amino acids showed a significant rise in concentration within a hundred hours after the start of the experiment. Threonine concentration (in the healthy series) fell at first, then rose sharply at 190 hours after inoculation. The concentration of aspartic acid fell at the start and then rose slowly.
• .~ ~[_ I I I , I I t I , I I I , , 14D. , i _~ Superimposed on this general trend, a number of specific amino acids showed sharp maxima and minima in concentration; these were more pronounced in healthy discs then in virus-infected discs. That these fluctuations are real rather than a result of random sample variations is shown by the fact that the curves for healthy and infected discs agreed closely for certain amino acids at given periods of time. This is evident in the case of valine (at 24 to 95 hours and 265 to 355 hours); threonine (at 120 to 265 hours); tryptophane (at 24 to 215 hours); leucine (at 24 to 120 hours); alanine (at 24 to 70 hours); aspartic acid (215 to 355 hours).
The time courses for various amino acids differed considerably. However, one characteristic common to all amino acids except tyrosine and 7-aminobutyric acid was observed in the healthy series: a minimum in concentration 
. . occurred at 216 hours. We have previously observed similar fluctuations in the total nitrogen content of cultured leaf discs (5) . No comparable common tendency occurred in infected discs; in these discs only threonine and aspartic acid showed the concentration minimum at 216 hours. A general increase in amide concentration occurred during the culture period. Glutamine fell for a short time after the start of the culture period, then rose sharply. Asparagine rose continually at a rate generally lower than that of the glutamine. On the whole, the glutamine concentration was about twice that d asparagine. In uninfected discs, both asparagine and glutamlne showed the minimum at 216 hours which occurred in the amino acids noted above. Glutamine concentration was also at a minimum at 120 hours.
Tke E~ect of Virus Infection.--The influence of inoculation with TMV
can best be seen by examination of the changes, with time, in the difference in concentration of each component in the uninfected and infected discs. This comparison is a valid one since the discs are obtained from opposite sides of the same leaf and differed only in that one series had been infected with TMV. Figs. 3 and 4 illustrate the change with time in these differences.
It is apparent that certain characteristic differences between infected and uninfected material occurred and that these are signLficanfly related to the time course of ~s formado~ In six of the thirteen comp~nen~ studied (aspartic acid, glutamic acid, serine, threonine, protine, and glutamine) a deficiency in concentration in the ir~ected tissue as compared with the control occurred at 160 to 190 hours after inoculation, This was the time of most rapid virus synthesis. Of this group, four components (aspartic acid, glutamic acid, proline, and possibly glutamine) also showed a deficiency at about 70 hours after inoculation.
Excesses of two amino acids, alanine and ~'-aminobutyric acid, were found in the infected series as compared with the control. In the case of leucine, a deficiency occurred at 160 hours and an excess at 216 hours after inoculation. Tyrosine developed slight excesses in the infected discs at 120 and 190 hours after inoculation. The concentrations of valine and tryptophane showed no significant differences resulting from TMV infection.
The behavior of asparagine was unique. The asparagine content of the infected and uninfected discs was identical except during the period 24 to 190 hours after inoculation, when a significant deficiency in the infected tissue occurred.
B. Discs Cultured i~ Nutrient Solution
1. General Trends.--The amino acids and amides detected were identical with those found in water-cultured discs except that tryptophane failed to appear. With one exception all components increased in concentration during the culture period. Aspartic acid, the single exception to this rule, fell to onethird of its original concentration during the 265 hour experimental period. In most cases the rise in concentration occurred within a short time after inoculation; however, proline, tyrosine, and leucine did not increase until 120 hours after inoculation.
Fluctuations within the general trend were again noted. In a number of instances the changes were parallel in both infected and uninfected discs. (See curves for ~/-aminobutyric acid, alanine, valine, and glutamic acid in Fig. 5 .) Common tendencies were observed for certain of the components in the uninfected series. Five amino acids (valine, threonine, glutamic acid, w-aminobutyric acid, and aspartic acid) showed a maximum in concentration at 95 hours, which fell to a minimum at 120 hours. This effect was slight but probably significant in the cases of ~-aminobutyric and aspartic adds. A second common characteristic of both uninfected and infected discs was the similar curves for proline, tyrosine, and leucine.
Both asparagine and glutamine rose in concentration during the time of the experiment. As in the water-cultured discs the rise in glutamine content was sharp and showed significant maxima; in contrast the asparagine curve was more gradual with a delayed rise in concentration. The glutamine curve was characterized by maxima at 95 and 215 hours; these appeared only in uninfected tissue. Asparagine showed a single maximum at 215 hours; this too was apparent only in the uninfected discs. Infection.--Figs. 7 and 8 illustrate the concentration differences between infected and uninfected discs. As in the previous experiment characteristic deficiencies in the virus-infected series occurred at the time of maximum rate of virus synthesis (about 216 hours after inoculation), and at about 95 hours after inoculation. Six components (glutamic acid, aspartic acid, glutamine, serine, threonine, and possibly alanine) showed deficiencies in concentration in the infected series as compared with the control at 95 and 216 hours after inoculation. One component, "y-aminobutyric acid, showed a deficiency only at 216 hours. Valine showed a deficiency only at 95 hours. No significant differences resulting from infection were found in the concentrations of leucine, tyrosine, and proline (with the exception of a possibly significant excess of the latter at 95 hours). With the exception of alanine and aspartic acid all the significant differences between healthy and infected discs are negative, that is, deficiencies occurred in the infected series. In contrast, alanine and aspartic acid developed excesses in the infected series.
The lgffect of Virus
While glutamine showed differences which placed it in the group of components responsive to rapid virus formation, the behavior of asparagine was distinctive. The asparagine content of the infected series showed a deficiency which developed gradually from 70 hours to a minimum at 216 hours, thereafter rising to zero.
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DISCUSSION
It is apparent that the observed deficiencies in total amino acid and amide nitrogen in infected tissue are associated with TMV synthesis. The major deficiency coincides in time with the period of virus synthesis; nutrient-cultured discs, which synthesize more TMV than water-cultured discs, develop the larger deficiency. These observations are consistent with those previously reported (1) and suggest that virus formation exerts a drain on certain components of the non-protein nitrogen pool. The most obvious explanation of this effect is that nitrogen withdrawn from the pool is irreversibly synthesized into virus protein.
In this light it would be expected that the deficiencies which occur in infected tissue shortly before the period of most rapid virus formation reflect the synthesis, de noro, of non-virus protein associated with TMV synthesis. We have in fact found that rapid incorporation of non-protein N z~ into a buffer-insoluble protein occurs in infected tissue previous to the appearance of TMV (5).
The major amino compounds leaving the non-protein nitrogen pool during virus synthesis are asparagine, glutamine, aspartic and glutamic acids, and serine. Smaller effects on the concentrations of valine, threonine, and proline are observed. In addition to these components, ammonia is also withdrawn from the pool at this time (1) . The concentrations of each of these components are interconnected by transamination, reversible deamination of aspartic and glutamic acids, and reversible deamidization of asparagine and glutamine. Hence, if only one component were withdrawn by incorporation into TMV protein, concurrent reductions in the concentrations of the remaining components would follow.
The identification of the component(s) specifically withdrawn by TMV synthesis is of obvious interest. Despite the difficulties engendered by the multiplicity of reactions between the components for which deficiencies have been observed, certain conclusions can be reached by considering the effects anticipated from the known composition of TMV protein.
As shown in Table III , there is no evidence that the amino acids withdrawn from the pool during TMV synthesis reflect the composition of TMV protein.
Hence, the data do not support the hypothesis that TMV protein is synthesized at the expense of the requisite free amino acids. By the same token, the large amide deficiencies also do not result from the primary withdrawal of these components from the pool. Glutamine is absent from TMV protein, and although -qmall amounts of asparagine have been detected in the virus (6), the amounts withdrawn are disproportionately large. It is likely, therefore, that the deficiencies in amides and certain amino acids are secondary effects.
It has been observed previously that ammonia comprises the major nitrogenous component withdrawn by TMV formation (1). Subsequent investigations with Nit-labelled ammonia (5) have confirmed this suggestion and have also shown that free amide and amino nitrogen are not directly incorporated into TMV protein. It can be concluded, therefore, that the observed deficiencies in amino acids are probably induced by the primary withdrawal of ammonia.
The changes in amide and amino acid concentrations associated with TMV synthesis may be related to the striking effects of infection on leaf development. In a series of investigations on the biochemical effects of trace element deficiencies on tobacco plants, Steinberg (7) found that leaf abnormalities such as the "frenching" disease result from the accumulation of excesses of certain free amino acids induced by the mineral environment. He has also shown (8) that the addition of small excesses of various amino acids to tobacco plants grown in sterile culture induces leaf malformations which resemble both those of the frenching disease and of tobacco mosaic virus.
These observations suggest that changes in the concentration balance of the various free amino acids of the leaf may induce malformations in blade de-velopment which lead to the mosaic symptom characteristic of leaves systemically infected with TMV. It is clear from the results obtained with cultured leaf discs, that TMV synthesis does induce transitory changes in free amino acid balance. Similar differences may accompany TMV formation in attached leaves and cause the malformations characteristic of the disease. Since the morphological effects of infection occur very early in leaf development and since the major influence of TMV formation on the free amino acids is transitory, the determinative effect of the infection is probably limited to a relatively short period during the formation of the leaf. 
